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ABSTRACT
Evaluation of Cracking and Localized Corrosion Behavior of Cladding Materials
by
Subhas Pothana
Dr. Ajit K.Roy, Examination Committee chair 
Associate Professor of Mechanical Engineering 
University of Nevada, Las Vegas
This investigation is focused on the evaluation of stress corrosion cracking (SCC), 
hydrogen embrittlement (HE) and localized corrosion (pitting and crevice) susceptibility 
of zircaloy-2 and zircaloy-4 in neutral and acidic solutions at 30, 60, 90°C. Constant-load 
and slow-strain-rate (SSR) testing methods were used to evaluate the SCC and HE 
behavior of both alloys by iKe of smooth and notched tensile specimens. Controlled 
cathodic potentials were applied to evaluate the hydrogen efkct on the cracking behavior. 
Cychc potentiodynamic polarization technique was used to determine the localized 
corrosion susceptibility. The metallography and morphology of failure were analyzed by 
optical microscopy and scanning electron microscopy (SEM), respectively. No cracking 
was observed under constant loading. However, the SSR testing revealed enhanced 
ductility and reduced failure stresses with increasing temperature. These effects were 
more pronounced under cathodic charging. All polarization specimens showed signs of 
general dissolution but no classical pits or crevices. Fractographic evaluations by SEM 
revealed dimpled microstructure indicating ductile failures.
m
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ABSTRACT...................................................................................................................... iü
LIST OF TABLES............................................................................................................  v
LIST OF FIGURES ......................................................... vü
ACKNOWLEDGMENTS................................................................................................  x
CHAPTER 1 INTRODUCTION...................................................................................... 1
CHAPTER 2 MATERIALS AND ENVIRONMENTS.................................................... 8
2.1. Test Materials.................................................................................................. 8
2.2. Test specimens.............................................................................................. 11
2.3. Test Environments .........................................................................................12
CHAPTER 3 EXPERIMENTAL PROCEDURES...................................   15
3.1. Constant-load Testing................................................................................... 15
3.2. Slow-Strain-Rate Testing.............................................................................  17
3.3. Electrochemical Testing................................................................................ 23
3.3.1. Cychc Potentiodynamic Polarization Testing...............................  23
3.3.2. SCC Testing under Potentiostatic Potential................................... 27
3.4. Optical Microcopy.......................................................................................  27
3.5. Scanning electron microscopy...................................................................... 28
CHAPTER 4 RESULTS...............................................................................................  29
4.1. Slow- Strain-Rate Tests ................................................................................ 29
4.1.1. Smooth Specimen without Econi..................................................... 29
4.1.2. Notched Specimen......................................................................... 33
4.1.3. Smooth Specimen with Controlled Potential................................. 33
4.2. Constant L oad ............................................................................................... 39
4.3. Cychc Potentiodynamic Polarization...........................................................  42
4.4. Metallography and Fractography.................................................................  42
CHAPTER 5 DISCUSSION........................................................................................... 48
5.1. Stress Corrosion Cracking ............................................................................49
5.2. Delayed Hydride Cracking ........................................................................... 50
5.3. Localized Corrosion...................................................................................... 52
CHAPTER 6 SUMMARY AND CONCLUSION......................................................... 55
IV
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX A STRESS VS STRAIN PLOTS FOR SMOOTH SPECIMENS ............. 58
APPENDIX B STRESS VS STRAIN PLOTS FOR NOTCHED SPECIMEN ............. 68
APPENDIX C STRESS VS STRAIN PLOTS UNDER EcoNT IN SAWM................... 77
BIBLIOGRAPHY.............................................................................................................80
VITA................................................................................................................................ 82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Table 2-1 Chemical Compositions of Zirconium Alloys Tested........................................ 9
Table 2-2 Ambient Temperature Mechanical Properties of Zr-2 and Zr-4........................ 9
Table 2-3 Physical and Mechanical properties ofZr-2 and Zr-4^^" .̂................................ 10
Table 2-4 Chemical Composition of Test Solutions (gram/hter).................................... 13
Table 4-1 SSR Test results using Smooth Specimens......................................................30
Table 4-2 Results of SSR Testing using Notched Specimens..........................................38
Table 4-3 SSR Test Data for Zr-4 under Apphed Potentials............................................38
Table 4-4 Results of CL SCC Tests using Smooth Specimens........................................ 40
Table 4-5 Results of CL SCC Tests using Notched Specimens.......................................41
Table 4-6 Results of CPP Testing..................................................................................... 43
VI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure 1-1 Waste Package Design.................................................................................... 2
Figure 1-2 Cladding Tubes ............................................................................................... 2
Figure 1-3 Schematic Illustration of the Oxidation-Induced Residual Stress in the SNF
Cladding M etal..................................................................................................6
Figure 1-4 Schematic Illustration of Most Likely Spots for DHC Initiation in SNF
Cladding inside Waste Repository.................................................................. 7
Figure 2-1 Schematic View of SmooA Tensile Specimen...............................................13
Figure 2-2 Schematic View of Notched Tensile Specimen..............................................14
Figure 2-3 Polarization Specimen.....................................................................................14
Figure 3-1 Constant-load Test Setup................................................................................16
Figure 3-2 Calibration Curve for a Proof Ring.................................................................17
Figure 3-3 CERT Machines for SSR Testing....................................................................19
Figure 3-4 SSR Test Setup................................................................................................19
Figure 3-5 Load Frame Comphance Test........................................................................ 20
Figure 3-6 Stress Concentration Factors for Grooved Shafts with A xial........................ 21
Figure 3-7 Electrochemical Testing Setup....................................................................... 25
Figure 3-8 Luggin Probe Arrangement............................................................................ 25
Figure 3-9 Standard Potentiodynamic Polarization Plot (ASTM-G 5 ) ........................... 26
Figure 3-10 Potentiodynamic Polarization curve for potentiostat M273A-1.................. 27
Figure 4-1 Comparison of Stress-Strain Diagrams for Zr-2............................................ 31
vii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4-2 Comparison of Stress-Strain Diagrams for Zr-4............................................ 31
Figure 4-3 EGect of Temperature on Of........................................................................... 32
Figure 4-4 EGect of Temperature on Of........................................................................... 32
Figure 4-5 EGect of Temperature on (a) Om (b) Of........................................................... 34
Figure 4-6 EGect of Temperature on TTF....................................................................... 34
Figure 4-7 EGect of Temperature on (a) %E1 (b) %RA................................................... 35
Figure 4-8 Stress-Strain diagrams using Notched Specimens......................................... 35
Figure 4-9 Stress-Strain diagrams using Notched specimen........................................... 36
Figure 4-10 EGectofEcootonOf....................................................................................... 36
Figure 4-11 Effect of Econt on Of....................................................................................... 37
Figure 4-12 EGect of Ecwi on Of....................................................................................... 37
Figure 4-13 Comparison of Optical Micrographs of Zr-4 Specimens Tested (a) With Ecoot
(b) without Ec(mt (lOOX)................................................................................ 39
Figure 4-14 Comparison of CPP Plots for two diGerent pH values................................ 44
Figure 4-15 Appearance of Polarized Zr-2 Specimens in the SAWM Environment at 30,
60 and 90°C.................................................................................................. 44
Figure 4-16 Appearance of Polarized Zr-4 Specimens in the SAWM Environment at 30,
60 and 90°C.................................................................................................. 45
Figure 4-17 Smooth Zr Specimen before and after Testing............................................ 45
Figure 4-18 Notched Zr Specimen before and after Testing........................................... 45
Figure 4-19 Comparison of Failure Modes of Zr-2 in SAW and SAWM Environments 
at 90°C under SSR Conditions (200X)......................................................... 46
Vlll
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4-20 Comparison of Failure Modes of Zr-4 in SAW and SAWM
Environments at 90°C under SSR Conditions (200X)................................. 46
Figure 4-21 Optical Micrographs of Zr-4 Specimens Tested in (a) SAWM (b) SAW
(lOOX)............................................................................................................................47
Figure 4-22 EDS Data on a Failed Zr-2 Specimen.......................................................... 47
IX
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGMENTS
I would like to acknowledge the immense assistance and support provided by Dr. Ajit 
K. Roy, the Principal Investigator in this project from the inception of this quality 
aGecting-task.
I would like to thank Dr. Anthony Hechanova, Dr. Brendan J O'Toole, Dr. Mohamed 
B. Trabia, Dr. Zhiyong Wang and Dr. Wolfgang W. Bein for their direct and indirect 
contribution throughout this investigation.
I would like to acknowledge the assistance provided by Heidi Aquino who is my 
associate in this project. Also, I would like to acknowledge the help provided by my 
coworkers in this project.
Finally I would like to thank the U.S. Department of Energy, Yucca Mountain 
Project, Nevada, for Gnancial support of this project.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1 
INTRODUCTION
The Yucca Mountain site, near Las Vegas, NV, has been proposed to contain 
commercial spent nuclear fuel (SNF) and defense high-level radioactive waste (HLW). 
The waste package design, proposed during the license application period, has focused on 
an all-metalhc, multi-barrier concept (Figure 1.1) to accommodate the proposed geologic 
disposal. This design incorporates a thin outer corrosion-resistant metal (Alloy 22) barrier 
over a thicker inner container made of Type 316NG stainless steel. The outer barrier is 
intended to provide the desired corrosion protection 6 om the potential repository 
environments, while the inner container is added to provide a structural support. Cladding 
(Figure 1.2) is the primary structural barrier that prevents the release of radionuclides 
contained in the SNF. Thus, the structural integrity of SNF cladding materials plays a 
paramount role in either preventing or minimizing the release of these radionuchdes. SNF 
cladding used in most commercial reactors in the United States is made of zirconium (Zr) 
alloys such as Zircaloy-2 (Zr-2) and Zircaloy-4 (Zr-4). Zr alloys are generally used due 
to their low neutron capture cross-section, and excellent corrosion and mechanical 
properties at ambient and elevated temperatures.
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Numerous studies have been per&rmed in the past to evaluate the suitahihty of Zr 
and its alloys for nuclear-related applications by various investigators. Zr and its alloys 
have been used in 25% of the total nuclear reactors that have so far been built globally. 
Pure Zr and its alloys are highly corrosion resistant. However, the presence of impurities 
and alloying elements may reduce their corrosion resistance. Extensive study has been 
performed by Parfenov et al. to study the eGect of various Actors on the corrosion 
resistance of Zr alloys, with and without irradiahon. There are indications in the open 
literature that Zr and its alloys may become susceptible to stress corrosion cracking 
(SCC), hydrogen embrittlement (HE), and localized (pitting and crevice) corrosion if the 
waste package container materials were breached by aqueous environments existing 
inside the proposed repository during the desired disposal period.
One major failure mechanism for Zr alloys is hydrogen-induced subcritical crack 
growth resulting Gom the formation of hydrides. Hydrogen can be picked up by these 
alloys due to their reaction with the coolant water during reactor operation. Since 
hydrogen in Zr alloys has a low solubihty, hydrogen in excess of the solubihty limit is 
precipitated as plates of Zr hydride that can cause time-dependent failure known as 
delayed-hydride-cracking (DHC). DHC is believed to be caused by the diGusion of 
hydrogen into the crack dp under the inGuence of a stress gradient. As the hydrogen 
concentration in this region reaches or exceeds the critical sohd solubility, hydride 
platelets start to form and grow at the crack tip. Due to the stress eGect, there is a 
preferred orientation for hydride precipitation. The plane, normal to the hydride plate, is 
mosGy parallel to the tensile axis. Since the hydride is more britGe than the metal matrix, 
hydrides tend to undergo Gacture under the effect of stress at the crack tip. The primary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
crack then rapidly propagates through the embrittled region until the crack Gont is GnaUy 
arrested at the end of the hydrided region by the ductile Zr matrix. A new hydrided zone 
is eventually Girmed at the crack tip. This process repeats itself, and the crack propagates 
in a step-wise manner.
In the SNF cladding, the metallic layer which is in contact with the thick waterside 
oxide layer is subjected to a large amount of residual stresses. These residual stresses 
are primarily generated as a result of large volume expansion of Zr-oxide, as shown in 
Figure 1.3. The stress intensity with a flaw, located in the metallic layer that is in contact 
with the waterside oxide layer, is a sGong Ginction of the thickness of the adherent 
uncracked oxide layers. The metallic layer, in contact with the waterside oxide layer in a 
PWR spent fuel cladding, usually contains high-density circumferenGal hydrides, 
whereas hydride density in the metallic layer in contact with the fuel pellets is relatively 
lower.
The inihation of DHC in the metallic region located in the inner diameter side i.e. on 
the pellet side is least concerned under repository conditions due to the relaGvely higher 
temperature and lower stress, thus resulting in lower stress intensity, reduced potenhal for 
hydrogen collection, hydride reorientahon and hydride blistering. The fundamental 
process of DHC initiaGon consists of nucleahon, growth, and cracking of hydride bhsters 
in the outer diameter side of the metallic region, especially in the vicinity of some 
localized hydrogen collection sp o ts .T h e se  spots are generally colder in temperature, 
higher in stress, or both. These possible DHC spots are illustrated schemaGcally in Figure 
2, showing (1) near pellet-pellet boundary, (2) beneath a spacer grid, (3) beneath spahed 
oxide layer, and (4) near wedged pieces of broken pellets.
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This investigation is aimed at evaluating the suscepGbüity of Zr-2 and Zr-4 to SCC 
and DHC in simulated repository environments at ambient and elevated tem^zeratures. 
Electrochemical studies were also performed to evaluate the suscepGbility to localized 
corrosion such as pitting and crevice corrosion in similar environments.
Although there are many known techniques to evaluate the resistance of metals and 
alloys to SCC and DHC, this research project was focused on using slow-strain-rate 
(SSR) testing technique due to its simplicity in testing, and reduced duraGon to conduct 
the experimental work. SSR testing is based on a principle by which a test specimen is 
loaded in tension until Gacture under a very slow-strain-rate condiGon to optimize the 
effects of both the environment and the mechanical constraint. This method enables the 
determinaGon of ducGlity parameters such as percent elongaGon (%E1) and percent 
reducGon in area (%RA), and other metallurgical parameters such as the failure stress (Of) 
and the time-to-Ailure (TTF). The suscepGbihty to DHC was determined by applying 
controlled cathodic potenGal (Ecmt) m similar environments. The magnitude of Econt was 
based on the corrosion or open circuit potential (Econt) determined in similar test 
environments by electrochemical cyclic potenGodynamic potenGal (CPP) technique. A 
limited number of SCC tests were also performed under constant loading condiGon. 
Finally, metallurgical microstructure, the extent and morphology of failure were analyzed 
by opGcal microscopy and scanning electron microscopy (SEM), respecGvely. The 
detailed experimental techniques and the resultant data will be presented in the next few 
secGons.
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CHAPTER 2 
MATERIALS AND ENVIRONMENTS
2.1. Test Materials
The materials tested include Zircaloy-2 (Zr-2) and Zircaloy-4 (Zr-4). They were 
tested in a solution-annealed condition. The chemical composition and amhient 
temperature mechanical properties are given in Tables 2.1 and 2.2, respectively. Zr-2 and 
Zr-4 are the two most in^ortant alloys that were developed speciScally for nuclear 
^rplications For more than about 40 years, Zr and its alloys have been successfully 
used in a variety of applications, including fuel cladding and structural components in 
nuclear reactors Zr has a low absorption cross section for neutrons, and is therefore, 
used for nuclear energy apphcations, such as cladding fuel elements. Commercial nuclear 
power generation now takes more than 90% of Zr metal production. Current nuclear 
reactors may use as much as a half-milhon linear feet of Zr alloy tubing. Reactor-grade 
Zr is essentially free of hafaium. Zircaloy is exceptionally resistant to corrosion in many 
common acids and alkahs, by sea water, and by other chemical agents. Other properties 
that make them suitable for nuclear-related apphcations are their excellent ductihty after 
prolonged exposure to irradiation, and moderate strength.
Zr is characterized by a high melting point, adequate strength, good thermal 
conductivity, low thermal expansion, good transparency to thermal neutrons, and 
excellent corrosion resistance. Zr is a highly reactive metal, as evidenced by its redox
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
potential of -1.53 V at 25°C (77°F). It has an immense afBnity for oxygen. An adherent 
protective oxide film forms on Zr surface when it is exposed to an oxygen-containing 
environment. This type of film is formed spontaneously in air or water at or below the 
ambient temperature. Besides, these films are self-healing and protect the base metal 
&om chemical and mechanical attacks at temperatures up to 300°C. Thus, Zr exhibits 
excellent corrosion resistance in many environments, including most mineral and organic 
acids, strong alkalies, saline solutions and some molten salts. Zr can also resist attack 
by certain oxidizing media, unless halides are present.
Table 2-1 Chemical Compositions of Zirconium Allovs Tested
Material/Heat
No.
Elemental Ana ysis (in weight percent)
Cr Fe Ni Fe+Cr Fe+Cr-FNi O Sn Zr
Zr-2/242831 0.10 0.182 0.070 0.352 0.127 1.298 Balance
Zr-2/243528 0.10 0.185 0.067 — 0.355 NA 1.312 Balance
Zr-4/242731 0.12 0.217 — 0.340 —— 0.130 1.312 Balance
Zr-4/243195 0.12 0.225 — 0.342 0.132 1.283 Balance
Table 2-2 Ambient Temperature Mechanical Properties of Zr-2 and Zr-4
Material/ 
Heat No.
Vendor certification ; 
Wah Chang %E1 %RA
Lab-Generated Data: UNLV
Yield 
Strength (Ksi)
Ultimate Tensile 
Strengdi(Ksi)
Yield Strength 
(Ksi)
Ultimate Tensile 
Strength (Ksi)
Zr-2/242831 5325 78.7 27.5 NA 54.5 78.1
Zr-2/243528 53.38 79.12 27.2 NA NA NA
Zr-4/243195 55.1 79.6 23.9 58.3 55.7 78.7
Zr-4/242731 49.8 78.1 28.5 NA NA NA
&  alloys exhibit strong anisotropic characteristics. Zr has a hexagonal-close-packed 
(hep) crystal structure, hut undergoes an allotropie transformation at about 870°C 
(1590°F) when it changes to a body-centered cubic (bcc) structure, as shown in table
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The alpharstabilizmg elements can raise the temperature of allotropie 
transformation 6 0 m a to p. These elements include tin (Sn), nitrogen (N), and oxygen 
(O). On the other hand, the beta-stabilizing elements such as iron (Fe), chromium (Cr) 
and nickel (Ni) can lower this transition temperature, thus showing an opposite effect.
Table 2-3 Physical and Mechanical nronerties of Zr-2 and Zr-4'(13)
Property Zr-2 / Zr-4
Physical
Density at 20 °C (70 T), g/cm^ 6.56
Crystal Structure
hep (<865 °C or 
«-phase 1590 T )
bcc (>865 °C or 
P-phase 1590 °F)
(a+P) phase —
Melting Point, °C (°F) 1850 (3362)
Boiling Point, °C (T) 4375 (7907)
Coe&cient of Ttermal Expansion per °C (°F)xlO^ at 
25 °C (75 °F) 6.0 (10.8)
Thermal Conductivity at 300-800 K, W/m*K 
(Btu*A/h*ft^*°F) 21.5 (12.7)
10
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SpeciGc Heat, J/kg*K (caln/g*K) 285 (0.068)
Pressure, kPa (mm Hg)
At 2000 °C (3630 °F)
At 3600 °C (6510 T )
Electrical Resistivity, pO*cm at 20 °C (70 °F) 74.0
Temperature Coefficient of Resistivity per °C at 20 
°C (68 °F)
Latent Heat of Fusion, kJ/kg (caln/g) —
Latent Heat of Vaporization, kJ/kg (caln/g)
Mechanical
Modulus of Elasticity, GPa (10^ psi) 99.3 (14.4)
Shear Modulus, GPa (10  ̂psi) 36.2 (5.25)
Poisson's Ratio at Ambient Temperature 0.37
2.2. Test specimens
Smooth and notched cylindrical tensile specimens (4-inch length, 1-inch gage length 
and 0.25-inch gage diameter) of Zr-2 and Zr-4 were machined by a qualiGed vendor
identiSed by US department of energy using annealed bar stocks. These specimens were
fabricated in such a way that the gage section was parallel to the longitudinal rolling 
direction. The notched tensile specimens were fabricated hy machining a V-shaped notch 
having an angle of 60° and a maximum depth of 0.05 inch around the diameter at the
11
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middle of the gage section (Figure 2.2.). The stress concentration factor corresponding to 
this notch conSguration is about 2.9. The gage length to the diameter (1/d) ratio of these 
specimens was maintained at 4 according to the ASTM Designation (E-8) The 
amhient temperature mechanical properties were determined by testing these tensile 
specimens in an MTS machine. The configurations of the smooth and notched tensile 
specimens used in this investigation are shown in Figures 2.1, and 2.2., respectively. 
Specimens for localized corrosion studies were also manufactured according to the 
ASTM designation G5. Since the corrosion behavior depends on the surface finish of 
these specimens, the polarization specimens were properly polished prior to their testing. 
The schematic view of the polarization specimen is shown in Figure 2.3.
2.3. Test Environments
The precise environments in the vicinity of the proposed Yucca Mountain site are yet 
to be established. Based on research work performed at the Lawrence Livermore National 
laboratories (LLNL) three m^or environments have been identihed to simulate the 
potential environments that can be encountered inside this geologic repository. They are: 
simulated dilute water (SDW, well J-13 type water), simulated concentrated water (SCW, 
lO-lOOx concentrations of well J-13 water), and simulated acidic water (SAW). Smce the 
SAW environment has a pH in the neutral region (5-7), this environment was further 
modihed (SAWM) by adding hydrochloric acid (HCl) to produce a more acidic pH range 
(2-3). The acidiGcation of the SAW environment by addition of HCl was intended to 
simulate acidic pH of the repository enviromnent due to the radiolysis of the environment 
that may produce nitric acid (HNO3) and hydrogen peroxide (H2O2) resulting 6 0 m
12
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breaching of the waste package container. Further the presence of microbes inside the 
repository may also produce acidic pH in aqueous environment that may interact with the 
container materials and produce degradations. Thus, in essence, only two environments 
namely SAW and SAWM were used in this investigation to evaluate both the localized 
corrosion and environment-assisted cracking behavior using Zr specimen conGgurations 
shown earlier. The corqposiGons of these two environments are shown in Table 2.4.
Table 2-4 Chemical Composition of Test SoluGons (eram/liter)
Environment
(pH)
CaClz K2SO4 MgSÛ4 NaCl NaNO] Na2S04
SAW (5-7) 2.769 7.577 4.951 39.973 31.529 56.742
SAWM (2-3) Same as above except for an addiüon of HCl to adjust the desired pH
range
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CHAPTERS
EXPERIMENTAL PROCEDURES 
The susceptibility of Zr-2 and 2%r-4 to SCC in SAW and SAWM environments was 
evaluated by using both constant-load (CL) and slow-strain-rate (SSR) testing techniques 
at tenq)eratures ranging ffoni ambient to 90°C. The susceptibility of these alloys to 
localized corrosion was evaluated by using electrochemical cyclic potendodynamic 
polarization (CPP) technique.
3.1. Constant-load Testing
For constant-load (CL) testing, a calibrated proof ring was used. Proof rings are 
speciGcally designed to meet the National Association of Corrosion Engineers 
(NACE)^'^ standards. Each individually calibrated proof ring was made by Cortest Inc 
and was accompanied by a calibration curve showing the load versus deflection of this 
ring. Test specimens were loaded under a stress state of uniaxial tension. Ring deflection 
was measured by 8-9" micrometers, with the supplied dial indicator providing a check. 
These poof rings were &bricated 6 om precision-machined alloy steel. Tension on the 
proof ring was quickly and easily a<^usted using a standard wrench on the tension- 
adjusting screw and lock nut. A thrust bearing distributes the load and prevents seizure. 
Specimen grips in these proof rings were made of stainless steel to be hiUy-resistant to 
the test environments. The environmental test chamber was secured by 0-ring seals that
15
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fully prevent any leakage during testing. The environmental chambers made of Hasteloy 
C-276 were designed for test conditions ranging &om ambient temperature and pressure 
to 220°C and pressure exceeding 2,000 psi. The experimental setup is shown in Figure
3.1.
'm m
' - - . t.
i' - ^
c, \  1 V-’.
Figure 3-1 Constant-load Test Setup
The amount of deflection needed to apply the desired load in CL testing was 
determined by use of the calibration curve of the proof ring. The magnitude of the 
applied stress was based on the ambient temperature tensile yield strength (YS) of the test 
materials. Specimens were loaded at stress values equivalent to different percentages of 
the individual material's YS value, and the corresponding time-to-fadure (TTF) was 
recorded. The determination of SCC tendency using this technique was based on the 
TTF for the maximum test duration of 30 days. An automatic timer attached to the test 
specimen recorded the TTF. For SCC testing under a CL condition, the cracking
16
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susceptibility was generally expressed in terms of a threshold stress (o&) below which 
cracking did not occur during the maximum test duration of 30 days.
Figure 3-2 Calibration Curve for a Proof Ring
3.2. Slow-Strain-Rate Testing
Before 1965, only constant-load or constant-strain tests of smooth and notched 
specimens of various conGgurations were used to assess the SCC tendency in metals. 
During the 1960s, a dynamic SCC evaluation technique had emerged which is known as 
constant or slow strain rate testing. Slow-strain-rate (SSR) testing in this investigation 
was performed with a specially-designed system known as a constant-extension-rate- 
testing machine (CERT), as shown in Figure 3.3. This equipment allows testing to 
giTnntafm a broad range of load, temperature, pressure, strain-rate and environmental
17
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conditions using both mechanical and electrochemical corrosion testing techniques. 
These machines, designed and manufactured by Cortest Inc, offer accuracy and Gexibility 
in testing the effects of SSR, providing up to 7500 lbs of load capacity with linear 
extension rates ranging 6 om 10'  ̂to 10'  ̂in/sec. To ensure the maximum accuracy in test 
results, this apparatus is comprised of a heavy duty load-frame that minimizes system 
compliance while maintaining precise axial alignment of the load train. An all-gear drive 
system provides consistent extension rate. This machine can provide maximum flexibility 
and working space for test sample conGguration, environmental chamber design, and 
accessibility. Added features included in this model for ease of operaGon include quick- 
hand wheel to apply a pre-loaded prior to operaGon
The SSR test setup used in this program consisted of a top-loaded actuator, testing 
chamber, linear vanable differenGal transducer (LVDT) and load ceU as shown in Figure 
3.4. The Top-loaded actuator was intended to pull Gie specimen at a speciGed strain rate, 
so that the spilled soluGon, if any, would not damage the actuator. A heating coil was 
connected to the bottom cover of the environmental chamber for elevated-temperature 
testing. A thermocouple was connected on the top cover of this chamber to monitor the 
inside temperature. The Load cell was intended to measure load through an interface with 
the Gont panel user interface. The LVDT was used to record the displacement of the gage 
secGon during the SSR testing.
18
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Figure 3-4 SSR Test Setup
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Prior to performance of SCC testing by SSR technique, the load-6 ame-compliance 
factor (LFCF), the deflection in the hame per unit load, was determined by using ferritic 
type 430 stainless steel. The generated LFCF data are shown in the Figure 3.5. These 
LFCF values were inputted to a load frame acquisition system prior to the SCC testing. 
The resultant LFCF values are also shown in Figure 3.5.
Prmme CompUmmce Tat
0.70
Frame -1 (LFCF=4e-6) 
y = 4E-06x + 0.6380.50
Frame-3 (LFCF=5e-6) 
y = 5 E - 0 6 x + 0.2309.§
"  0.30
0.20
0.10
Frame-2 (LFCF=5e-6) 
y = 5E-06X + 0.1248
0.00
0 1000 2000 3000 4000 5000 6000 7000 8000
Load (lb)
Figure 3-5 Load Frame Compliance Test
As discussed earlier, smooth and notched tensile specimens were used in the 
evaluation of SCC susceptibility. The stress concentration factor (Kt) was determined 
ûom the following calculation by using the plot shown in Figure 3.6.
20
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D 0.250m 
0.156m
— = 1.60
(Equation 3.1)
r _ 0.005m 
^  0.156m
-  = 0.032
(Equation 3.2)
Where,
D = gage diameter, 
d = notch diameter
r = radius of curvature at the root of the notch
Figure 3-6 Stress Concentration Factors for Grooved Shafts with Axial (18)
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An optimum strain rate of 3.3x10^ sec'  ̂was used to accomplish the combined effect 
of the applied load and the environment. Selection of this strain rate was based on prior 
research performed at the Lawrence Livermore National Laboratories. During SCC 
testing by the SSR method, the specimen was continuously strained in tension until 
hacture, m contrast to more conventional SCC test conducted under a sustained loading 
condition. The application of a slow dynamic straining during the SSR testing to the 
specimen caused failure that probably might not occur under a constant load or might 
have taken a prohibitively longer duration to initiate cracks in producing failures in the 
tested specimens.
Load versus displacement and stress versus strain curves were plotted during these 
tests. Dimensions (length and diameter) of the test specimens were measured before and 
after testing. The cracking tendency in the SSR tests was characterized by the time-to- 
failure (TTF), and a number of ductility parameters such as the percent elongation (%E1) 
and the percent reduction in area (%RA). Further, the maximum stress (OnJ and the true 
failure stress (cO obtained 6 om the stress-strain diagram were taken into consideration. 
%E1, %RA, Gm, Of were calculated using the following equations:
%E1 = (Equation 3.3)
%RA = (Equation 3.4)
f A, (Equation 3.5)
22
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p r
m AG m
(Equation 3.6)
A= Equation 3.7)
Where,
Ao = Initial cross sectional area
Am = Cross sectional area at maximum load
Af= Final cross sectional area
Pm= Ultimate tensile load
Pf= Failure load
Lo= Initial length
Lf= Final length
3.3. Electrochemical Testing
3.3.1. Cyclic Potentiodynamic Polarization Testing
The susceptibility of Zr-2 and Zr-4 to localized (pitting and crevice) corrosion was
determined by performing cyclic potentiodynamic polarization (CPP) experiments in
SAW and SAWM environments using EG&G Model 273A potentiostats. This type of
testing is based on a three-electrode polarization concept, in which the working electrode
(specimen) acts as an anode and two graphite electrodes (counter electrodes) acts as
cathodes (Figure 3.7). The reference electrode is made of Ag/AgCl solution contained
inside a Luggin probe having the test solution that acts as a salt bridge. The tip of the
23
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Luggin probe is placed at a distance of 2 to 3 mm &om the polarization specimen as 
shown in Figure 3.8. Oxidation reaction takes place on the working electrode (specimen) 
and reduction reaction occurs at the counter electrodes (graphite rods). At the onset, the 
corrosion or the open circuit potential (Ecop) of the specimen was determined with respect 
to the Ag/AgCl reference electrode, followed by forward and reverse potential scans at 
the rate of 0.17 mV/sec. An initial delay of 30 minutes was given for attaining a stable 
Econ value. The magnitudes of the critical pitting potential (EpiJ and protection potential 
(Epmt), if any, were obtained from the CPP diagram.
Before conducting the CPP test, the potentiostat was calibrated according to the 
ASTM G 5 standard.^^^ Calibration of the potentiostat was performed to generate a 
characteristic potentiodynamic polarization curve (Figure 3.10) for 6 rritic Type 430 
stainless steel in IN (1 Normal) H2SO4 solution at 30°C. Small cylindrical specimens of 
Type 430 stainless steel were used to generate the cahbration curve. The resultant 
potentiodynamic polarization curve (Figure 3.10.) was compared to the plot shown in 
Figure 3.9, taken 6 0 m the ASTM Designation G 5. Ideally, the average Eow value 
should be about -0.52 V with respect to a saturated calomel electrode (SCE). The 
measured Ecoc value can have an acceptance variance of ±75 mV 6 0m this value. The 
shape of the polarization curve should match with that of Figure 3 .6 with an exception of 
noise signals that may be produced during the generation of this potentiodynamic plot. 
The magnitudes of two noses (N; and N%) should be around -0.07 V and +0.43 V, 
respectively, with respect to SCE. Calibration tests were generally performed following 
every 20 CPP experiments.
24
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Figure 3-7 Electrochemical Testing Setup
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Figure 3-8 Luggin Probe Arrangement
Before conducting the CPP test, the potentiostat was calibrated according to the
ASTM G 5 standard.^^ Calibration of the potentiostat was performed to generate a
characteristic potentiodynamic polarization curve (Figure 3.10) for krritic Type 430
stainless steel in IN (1 Normal) H2SO4 solution at 30°C. Small cylindrical specimens of
25
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Type 430 stainless steel were used to generate the calibration curve. The resultant 
potentiodynamic polarization curve (Figure 3.10.) was compared to the plot shown in 
Figure 3.9, taken &om the ASTM Designation G 5. Ideally, the average Ecw value 
should be about -0.52 V with respect to a saturated calomel electrode (SCE). The 
measured Econ value can have an acceptance variance of ±75 mV 6 om this value. The 
shape of the polarization curve should match with that of Figure 3.9 with an exception of 
noise signals that may be produced during the generation of this potentiodynamic plot. 
The magnitudes of two noses (Ni and N2) should be around -0.07 V and +0.43 V, 
respectively, with respect to SCE. Calibration tests were generally performed following 
every 20 CPP experiments.
o.w
»  0 . 4 0
« 0 .0 0  
-o.@*
_Z8
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Eoom,
0.1 10* 10 10»
Figure 3-9 Standard Potentiodynamic Polarization Plot (ASTM-G 5) (20)
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Figure 3-10 Potentiodynamic Polarization curve for potentiostat M273A-1
3.3.2. SCC Testing under Potentiostatic Potential
Controlled catbodic potentials (Econt) were applied to the test specimen during a 
limited number of the SSR testing. The magnitude of Econt was based on the Econ value 
obtained h"om the CPP experiments. The resultant current was recorded with time during 
these potentiostatic polarization experiments.
3.4. Optical Microcopy
Characterization of metallurgical microstructures of the test materials by optical 
microscopy is of paramonnt imp>ortance. The test specimens were sectioned and mounted 
by a standard metallographic technique, followed by polishing and etching to reveal the 
microstructures including the grain boundaries. The polished and etched specimens were 
rinsed in deionized water, and dried with acetone and alcohol prior to their evaluation by 
an optical microscope.
27
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3.5. Scanning electron microscopy
Analysis of failure in metals and alloys involves identification of the type of failure. 
Failure can occur by one or more of the several mechanisms, including surface damage, 
such as corrosion or wear, elastic or plastic deformation and fracture. Failures can be 
classihed as ductile or brittle. The morphology of 6 ilure in the tested specimen was 
determined by Scanning electron microscopy (SEM). Energy Dispersive Spectrometry 
(EDS), interfaced with a SEM, was used for elemental analysis in the vicinity of the 
resultant failures.
28
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CHAPTER 4 
RESULTS
4.1. Slow- Strain-Rate Tests
4.1.1. Smooth Specimen without Econt
The results of Slow-Strain-Rate (SSR) testing using smooth cylindrical tensile 
specimens in different environments are shown in Table 4.1. Except in a few cases, very 
little or no significant variations were observed in these test data. Efforts were made to 
compare the elongation of the test specimen iq)on completion of the testing based on the 
actual measurements and the displacement data obtained from the stress-strain diagram 
far each specimen. No signihcant variations were observed. Conq)arisons of stress-strain 
diagrams for both Zr2 and Zr-4 are shown in Figures 4.1 and 4.2 respectively. An 
examination of these hgures clearly indicate that both the maximum tensile stress (Om) 
and failure stress (o() were reduced in 90° SAWM environment for both alloys due to the 
synergistic effect of elevated temperature and acidic pH. It is also interesting to note that 
unlike ferrous materials, the displacements at the elevated temperature (90°C) were 
significantly increased indicating enhanced ductility at 90°C compared to that at ambient 
temperature. Comparisons of Of values for Zr-2 and Zr-4 in the SAWM environment are 
shown in Figures 4.3 and 4.4, respectively as a function of the testing temperature. 
Obviously, the magnitude of Of values for Zr-2 was gradually reduced with increasing 
temperature as expected.
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Table 4-1 SSR Test results usine Smooth Specimens
Specimen
ID
Env Temp %E1 %RA Pf
(lbs)
Om
(Ksi)
Gf
(Ksi)
TTF
(hr)
Zr-2(24) AIR Amb 29.5 54.85 2280 59.24 101.9 26.04
Zr-2(33) SAW Amb 26.46 46.66 2296 59.46 86.73 24.89
Zr-2(34) SAW Amb 25.69 48.29 2364 60.6 92.04 25.05
Zr-2(37) SAW 90°C 32.29 55.41 2080 45.48 94.16 29.2
Zr-2(38) SAW 90°C 32.81 53.66 1690 47.03 73.37 28.55
Zr-2(32) SAWM Amb 24.96 49.3 2321 60.6 92.63 24.51
Zr-2(36) SAWM Amb 25.81 48.26 2356 60.41 91.89 25.21
Zr-2(40) SAWM 60°C 30.5 47.76 1946 52.33 74.69 25.82
Zr-2(31) SAWM 90°C 29.74 52.69 1690 46.16 71.75 28.86
Zr-2(35) SAWM 90°C 32.22 48.18 1645 45.13 64.17 29
Zr-4(16) AIR Amb 33.33 56.06 2193 59.6 100.1 29.86
Zr-4(31) SAW Amb 30.66 50.08 2299 60.21 93.11 27.76
Zr-4(32) SAW Amb 31.86 49.16 2131 59.84 85.34 29.43
Zr^(34) SAW 90°C 35.71 63.99 1594 45.26 89.72 31.97
Zr-4(35) SAW 90°C 37.79 40.97 1571 46.45 53.98 33.55
Zr-4(40) SAWM Amb 30.1 51.76 2296 60.78 95.77 28.1
Zr-4(26) SAWM 60°C 37 49.91 1855 51.55 74.11 33.43
Zr^(22) SAWM 90°C 38.65 50.52 1586 45.1 65.00 33.07
%E1 : Percentage Elongation
%RA : Percentage Reduction in Area
Pf : Failure Load
Cm : Maximum Tensile stress
Of : Failure Stress
TTF : Time-To-Failure
Temp : Temperature
Env : Environment
30
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Figure 4-1 Comparison of Stress-Strain Diagrams for Zr-2
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Figure 4-2 Comparison of Stress-Strain Diagrams for Zr-4
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The data presented in Table 4.1 are graphically reproduced in Figures 4.5,4.6 and 4.7 
showing the effect of temperature on Om, %  TTF and ductility parameters (%E1 and 
%RA). As indicated earlier, the magnitudes of Om and Of were gradually reduced with 
increasing temperature (ambient to 90°C). Simultaneously, the TTF and the ductility 
parameters were gradually increased with increasing temperature. A similar effect of 
temperature on ductility for Zr alloys has been reported elsewhere.
4.1.2. Notched Specimen
SSR tests were performed using notched cylinder tensile specimens to study the effect 
of stress concentration on the cracking susceptibility in both environments. Stress-strain 
diagram for Zr-2 and Zr-4 using notched specimen is shown in the Figure 4.8. and Figure 
4.9. SCC data using the notched specimens are presented in Table 4.2., showing the 
conq)arisons of the maximum load (Pm) and failure load (?<) with and without a notch. As 
expected, both Pm and Pf were reduced in the presence notch. Interestingly, the TTF was 
also increase at 90°C with the notched specimen, a similar observation made with the 
smooth specimen.
4.1.3. Smooth Specimen with Controlled Potential
SSR tests were conducted in the acidic solution at 30, 60 and 90°C under different 
controlled electrochemical potentials (Econt) to study the effiect of hydrogen o the cracking 
susceptibility due to the cathodic charging. The stress-strain diagrams for Zr-4, with and 
without Eoomt. are shown in Figures 4.10. to 4.12. No consistent pattern on the effect of 
Econt on Of, TTF and ductility parameters was observed, as illustrated in Table 4.3.
These results suggest that the Ec«n values applied during the potentiodynamic 
polarization may not influence the cracking tendency of Zr alloys in the tested
33
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environments under SSR conditions. In view of this observation, the gage section of the 
broken specimens were examined by optical microcopy and SEM to identify any 
irregular characteristics due to the applied potentials. Based on this examination, multiple 
secondary cracks were observed (Figure 4.13.) along the gage sections, that may be a 
precursor to the delayed hydride cracking (DHC) of Zr alloys tested in this program
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Table 4-2 Results of SSR Testme using Notched Snecimens
Env Temp
Zr-2 Zr-4
without notch with notch without notch with notch
Pm
(lb)
Pf
(lb)
Pm
(lb)
Pf
(lb)
Pm
(lb)
Pf
(lb)
Pm
(lb)
Pf(lb)
SAW Amb 2980 2330 1732 1569 2958 2215 1852 1698
SAWM Amb 2993 2338 1665 1577 3020 2296 1745 1647
SAW 90°C 2295 1885 1317 884 2261 1582 1400 969
SAWM 90°C 2315 1795 1287 907 2223 1586 1391 1031
Table 4-3 SSR Test Data for Zr-4 under Annlied Potentials
Ecoot(mV) Temp %E1 %RA
TTF
(hrs)
O f
(Ksi)
30°C 30.1 51.76 28.1 95.78
0 60°C 37 49.91 33.43 73.318
90°C 38.65 50.52 33.07 64.997
30°C 31.05 46.09 28.73 85.282
-300 60°C 33.35 53.34 30.44 81.469
90°C 37.1 50.06 31.85 67.13
-750 90°C 36.66 61.64 32.45 79.42
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Direction of Applied Stress Direction of Applied Stress
(a) (b)
Figure 4-13 Comparison of Optical Micrographs of Zr-4 Specimens Tested 
(a) With Econt (b) Without Econt (lOOX)
4.2. Constant Load
Although this investigation is primarily focused on the SCC evaluation using the SSR 
testing technique, a limited number of constant load (CL) tests were also performed using 
smooth specimen. Neither Zr-2 nor Zr-4 smooth tensile specimens exhibited any SCC 
failure in CL tests (Table 4.4) in either environment at applied stresses up to 95 percent 
of the materials' YS values indicating a high SCC resistance of Zr alloys.
Since no failure was observed with the smooth tensile specimens, some tests were 
performed by using notched specimens. The results indicate that the presence of a notch 
in the center of the gage section of the tested specimen produced failure in both 
environments at ambient temperature and 90°C at applied loads corresponding to 80% 
and 85% of material's yielding load (YL) value, as shown in Table 4.5., However, No
39
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consistent pattern of threshold load (L&) was observed with the notch specimen in the CL 
testing.
Table 4-4 Results of CL SCC Tests nsine Smooth Specimens
Test No. Material / Heat No. IinAdrcHirneiitTrestecl Applied Stress Results
Tenq)erature (°C) pH %YS Ksi
CL-1 Zr-2 / 242831 27 T22 95 50.59 NF
CL-2 Z r-2 /242831 27 2.22 95 50.59 NF
CL-9 Z r-2 /242831 27 T22 90 47.93 NF
CL-10 Z r-2 /242831 27 222 90 47.93 NF
CL-17 Z r-2 /242831 90 7.25 95 50.59 NF
CL-18 Z r-2 /242831 90 222 95 50.59 NF
CL-25 Z r-2 /242831 90 225 90 47.93 NF
CL-26 Zr-2 / 242831 90 2.22 90 47.93 NF
CL-33 Z r-4 /243195 90 &23 95 47.31 NF
CL-34 Z r ^ / 243195 90 2.09 95 47.31 NF
CLXU Zr-4 / 243195 27 6.23 90 4L82 NF
CL-42 Z r-4 /243195 27 2 j3 90 4L82 NF
CL-49 Z r-4 /243195 27 623 95 47.31 NF
CL-50 Zr-4 / 243195 27 2.09 95 47.31 NF
CL-57 Z r-4 /243195 90 6.46 90 4L82 NF
CL58 Z r-4 /243195 90 2^3 90 4L82 NF
YS: Yield Strength 
NF: No Failure
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Table 4-5 Results of CL SCC Tests usine Notcbed Specimens
Test No. Material / Heat No.
Environment
Tested
Applied
Load Results
Temperature
m
pH %YL Pf(lbs) TTF %E1
CL-lNa Zr-2/242831 27 6.93 85 1954 0.5 hr 0.85
CL-IN Zr-2/242831 27 6.51 80 1838 NF —-
CL-2N Zr-2/242831 27 2.36 80 1838 24.6 hr 0.25
CL-9N Zr-2/242831 27 8.01 75 1724 NF —
CL-ION Zr-2/242831 27 2.00 75 1724 NF —
CL-17N Zr-2/242831 90 1.98 80 1838 NF —
CL-18N Zr-2/242831 90 1.99 80 1838 0.2 hr 0.9
CL-26N Zr-2/242831 90 2.00 75 1724 NF —
CL-33N Zr-4/243195 27 6.51 80 1911 0.3 hr 0.05
CL-34N Zr-4/243195 27 2.36 80 1911 NF —
CL-41N Zr-4/243195 27 5.99 75 1792 NF ——
CL-42N Zr-4/243195 27 2.00 75 1792 NF ——
CL-49N Zr-4/243195 90 5.99 80 1911 NF
CL-50N Zr^/243195 90 1.99 80 1911 NF ——
CL-65N Zr-2/242831 90 2.76 65 1494 NF —
CL-66N Zr-2/242831 90 2.76 60 1379 NF —-
CL-67N Zr-2/242831 90 2.00 70 1609 NF
Pf: Failure Load 
%YL: Percent Yield Load 
NF: No Failure 
TTF: Time-to-Failure 
%E1: Percent Elongation
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4.3. Cyclic Potentiodynamic Polarization
The results of cyclic potentiodynamic polarization (CPP) experiments are shown in 
Table 4.6. An examination of this data indicates that for Zr-2, both the corrosion potential 
(Econ) and the critical pitting potential (EpiJ became more active (negative) in the acidic 
solution at ambient temperature. A repassivation behavior characterized by Ep t̂, also 
observed in the acidic solution, as illustrated m Figure 4.14. From an electrochemical 
point of view, initiation of pitting occurs at E ^ due to the breakdown of surface film 
beyond the passive region. This phenomenon is associated with a change in slope as the 
current density increases. Even though Epit was observed in all tests, except in a few 
cases, no classical pits were observed with any polarized specimens. Only general 
dissolution was observed, as shown in Figures 4.15 and 4.16. No consistent pattern of 
effect of temperature (30,60,90°C) on Econ, Epu for Zr alloys was observed in this study.
4.4. Metallography and Fractography
Primary failures of all the specimens broken (Figures 4.17 and 4.18) in either 
environments by both the CL and SSR testing techniques were analyzed by SEM. 
Examination of all SEM micrographs of the primary hacture &ces revealed dimples 
indicating ductile failures, as illustrated in Figures 4.19 and 4.20. Optical microscopy was 
also used to evaluate the presence of secondary cracks, if any, along the gage sections of 
the broken smooth/notched tensile specimens tested without Econt- No secondary cracks 
were observed, as shown in Figure 4.21. Elemental analysis by Energy Dispersive 
Spectrometry (EDS) revealed mostly Zr in the hacture faces, along with trace amounts of 
Fe, Ni and Cr, as shown in the Figure 4.22.
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Table 4-6 Results o f CPP Testine
Material/ 
Heat No Environment Temperature (°C)
Scan Rate 
(mV/sec)
Ecorr ! ÎIlV
(Ag/AgCl)
Epit,mV
(Ag/AgCl)
Zr-2/242831
SAWM
30 0.166 -571 282
60 0.166 -417 704
90 0.166 -390 550
SAW
30 0.166 -332 343
60 0.166 -784 283
90 0.166 -753 175
Z r-4 /242731
SAWM
30 0.166 -122 360
60 0.166 -524 137
90 0.166 -650 913
SAW
30 0.166 -586 275
60 0.166 ^81 322
90 0.166 -365 99
Key to Abbreviations:
Ecoc : Corrosion Potential
Epit : Critical Pitting Potential
Epmt : Protection Potential
SCE : Saturated Calomel Electrode
SAW : Simulated Acidic Water
SAWM : ModiGed Simulated Acidic Water
N/A Not Available
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Figure 4-14 Comparison of CPP Plots for two diSerent pH values
MM
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Figure 4-15 Appearance of Polarized Zr-2 Specimens in the SAWM Environment at 30,
60 and 90°C
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30°C 60°C
#
90°C
Figure 4-16 Appearance of Polarized Zr-4 Specimens in the SAWM Enviromnent at 30,
60 and 90°C
Figure 4-17 Smooth Zr Specimen before and aAer Testing
Figure 4-18 Notched Zr Specimen before and after Testing
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SAWM
(a) (b)
Figure 4-19 Comparison of Failure Modes of Zr-2 in SAW and SAWM Environments at
90°C under SSR Conditions (200X)
>• V-'
(a) (b)
Figure 4-20 Comparison of Failure Modes of Zr-4 in SAW and SAWM 
Environments at 90°C under SSR Conditions (200X)
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(a) (b)
Figure 4-21 Optical Micrographs of Zr-4 Specimens Tested in (a) SAWM (b) SAW
(lOOX)
CpB
3 0 -
10-41
10
Energy (keV)
Figure 4-22 EDS Data on a Failed Zr-2 Specimen
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CHAPTERS
DISCUSSION
This research project is focused on the evaluation of SCC, DHC, and localized 
corrosion of Zr alloys in neutral and acidic environments at temperatures ranging horn 
ambient to 90°C. The susceptibility to SCC was evaluated using both CL and SSR 
techniques. The eSect of hydrogen on the cracking susceptibility was established by 
applying cathodic controlled potential to the specimen during loading in tension. The 
susceptibility to localized corrosion such as pitting and crevice corrosion was evaluated 
by using CPP testing technique.
The results of SCC tests using SSR technique showed reduced Of and Om in the acidic 
environment at elevated temperatures. However both the TTF and ductility parameters 
were enhanced at elevated temperatures due to increased ductility of Zr alloys. A similar 
behavior has been observed by other investigators. Conrpared to other environmental 
factors such as solution pH, temperature showed more pronounced eSect on the cracking 
susceptibility. The results of CL testing using smooth specimens showed no failure even 
up to 95% of the yield strength value of both Zr alloys, indicating their superior 
resistance to SCC in environments relevant to the proposed repository.
It has long been established that Zr is one of the few metals that can resist corrosion 
attack in the presence of reducing corrosives such as HCl. Zr and its alloys have a high
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resistance to SCC in many halide solutions including NaCl, MgClz, and Sea water, the 
later two being particularly strong SCC causing agents for common metals including 
stainless steels. Unlike most metals, Zr has a very low affinity for sulGde ions (S'), but 
presence in solutions ranging &om acidic to caustic is known to induce sulfide-stress- 
corrosion cracking in Zr alloys. The presence of heavy-metal ions in neutral halide 
solutions has little effect on their susceptibility. Zr alloys exhibits excellent resistance to 
general corrosion in nitric acid. The high SCC resistance of Zr can be attributed to 
high passivation rate. Breakdown of the surface film will be quickly healed if adequate 
oxygen is present.
Aldiough Zr and its alloys are highly resistant to corrosion induced damage in many 
environments, they can become susceptible to localized corrosion in oxidizing chloride 
solutions such as FeClg, CuCli, wet chlorine, and aqua regia. The presence of small 
amounts of oxidizing ions such as Fe^ in acidic chloride solutions such as hydrochloric 
acid (HCl) can also signiGcantly enhance the SCC susceptibility of Zr alloys. Zr is 
susceptible to SCC in some commerciaUy-pure organic liquids such as methanol 
(CH3OH), carbon tetrachloride (CCI4), chloroform (CHCI3), and Freon (C2F2). It is also 
known that the fuel cladding (Zr) hulures in nuclear reactors are most likely caused by 
iodine as Gssion product in the presence of iodine vapor.
5.1. Stress Corrosion Cracking
As documented in the proceeding section, no failures were observed in Zr alloys 
under CL testing in either environment when smooth cylindrical specimens were used. 
Therefore, notched specimens were later used to evaluate the SCC behavior of Zr alloys
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in the presence of a stress raiser. Interestingly some of the notched specimens exhibited 
cracking at applied loads corresponding to 80-85 percent of the materials yielding load 
values, suggesting that the stress concentration resulting 6om the presence of a certain 
circular notch definitely caused failures in Zr alloys in the neutral and acidic 
environments. Based on these results, a threshold load (La) of 70-75% of the yielding 
load can be suggested for the notch conhguration used in this study.
With respect to the SCC data using the SSR testing technique, the tensile specimens, 
both smooth and notched, revealed that the magnitude of Om and Of were reduced due to 
the synergistic eSect of acdic pH and increased testing temperature, as expected. 
However, the displacements produced during straining and thus, the TTF, and ductility 
parameters including %E1 and %RA were enhanced at elevated tenq)eratures (60°C and 
90°C) indicating improved ductility even in the presence of corrosive species such as 
acidic chlorides. While this behavior is somewhat different hom that of ferrous metals 
and alloys, a similar phenomenon has been reported by other investigators.
5.2. Delayed Hydride Cracking
It is well known that Zr and its alloys may undergo failure due to the combined 
effects of ^iplied residual stress and the presence of hydrogen-containing aqueous 
environments, a phenomenon commonly known as delayed hydride cracking (DHC). 
Since no 6ilure were observed in CL testing involving both Zr-2 and Zr-4 , a few SCC 
tests were also performed under CL and SSR testing conditions to study the effect of 
hydrogen by applying cathodic electrochemical potential (Econt) while the specimens were 
loaded either by CL or by SSR. It is interesting to note that even though the test specimen
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did not exhibit cracking in CL test under potentiostatic polarization, there are indications 
of localized damage along multiple locations of the gage section. This damage, when 
analyzed by SEM, showed signs of secondary cracks along the gage section, even though 
the magnitude of TTF, Of and ductility parameters were not signiGcantly affected by 
hydrogen resulting hrom cathodic charging. In view of the secondary cracks resulting 
hom Econi, additional future tests are suggested to be performed to shed light into the 
phenomenon of DHC in Zr alloys.
DHC is a time dependent failure in the presence of brittle hydrides. The requirements 
for DHC are small amounts of zirconium hydrides and high stress gradients. Zirconium 
hydrides are not necessarily the result of hydrogen absorption hom the environment. 
Although no efforts were made in the current investigation to study the susceptibility to 
DHC by other techniques, studies performed by other investigators using compact- 
tension specimens showed that the phenomenon of DHC is based on the threshold stress 
intensity (K&). According to this investigation, as the stress intensity becomes higher than 
the hacture toughness (Kic) unrestrained fast crack propagation occurs. When the stress 
intensity (K) exceeds the threshold level (Km) the crack grows at a slow and stable rate. 
This stable crack growth under a stress-intensity range (Km<K<Kic) is attributed to 
delayed hydride cracking (DHC). The effect of temperature and hydrogen content on K* 
has been studied by other investigators
Zr alloys can also undergo hydrogen embrittlement (HE) phenomenon by hydride 
precipitation due to its tendency to pick up hydrogen resulting &om the corrosion 
reactions. Hydrogen has very low solubility in Zr at low temperatures. The presence of 
hydrides in Zr alloys can cause brittle failure. Zr can mq)erience interaction with
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hydrogen in some aqueous solutions, such as H2SO4, HCl, and HF. In general, the 
fiailures encountered by FIE are characterized by loss of ductility and hacture strength. 
However, no signiGcant effects of hydrogen resulting Gom E«mt on the Gacture strength 
and ductility parameters have been observed in this study. The presence of hydrogen due 
to the controlled potential has resulted in the formation of secondary cracks along the 
gage section of tensile specimens that may be a precursor to DHC in Zr aUoys.
5.3. Localized Corrosion
Localized corrosion is a type of degradation in which there is an intense attack at 
localized sites on the surface of a component while the rest of the surface corrodes at a 
much lower rate, either because of an inherent property of the component material (such 
as the formation of a protective oxide Ghn) or because of some geometric effect. Indeed, 
the primary metal surface may be essentially under satis&ctory corrosion control. In such 
circumstances, if corrosion protection breaks down loc^y  then preferential attack may 
be initiated at these localized regions.
Pitting corrosion is a localized form of corrosion in which cavities or "holes" are 
produced in the material. Pitting is considered to be more detrimental than uniform 
corrosion damage because it is more difhcult to detect, predict and design against. 
Corrosion products often cover the pits. A small, narrow pit with minimal overall metal 
loss can lead to the failure of an entire engineering system. Pitting corrosion is almost a 
common denominator of all types of localized corrosion attack.
Crevice corrosion is a localized form of corrosion usually associated with a stagnant 
solution on the micro-environmental level. Such stagnant microenvironments tend to
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occur in crevices (shielded areas) such as those formed under gaskets, washers, insulation 
material, fastener heads, surface deposits, threads, lap joints and clamps
The resistance of different materials to these two types of localized attack is 
extremely dependent upon the type of material and environmental factors. Although the 
ground water in the proximity of the repository site is believed to be non-aggressive, 
under some operating conditions, the repository environments surrounding these waste 
packages can become very hostile due to the condensation of chlorides and the formation 
of acids. Under these conditions, the corrosion-resistant metallic container may become 
susceptible to localized corrosion, and can thus, influence the performance of the Zr 
cladding materials contained inside the proposed waste package.
The results of CPP testing at ambient terrgierature involving both Zr alloys showed 
more active Econ. values in SAWM environment compared to that in the SAW 
environment, mainly due to the more acidic nature of the SAWM solution. The results 
also indicated relatively more active Eccn, Eph values at higher testing tenqierature for Zr- 
2, but showed the opposite behavior for Zr-4.
It is well known that pitting is highly detrimental and can lead to the destruction of 
many components within no time, therefore, superior pitting corrosion resistance is 
always desired for applications in nuclear and other industries. It is clear Gom the current 
CPP results that bodi Zr alloys were highly resistant to pitting corrosion in either of the 
tested environments. Although the transpassive region associated with a slope change is 
indicative of localized corrosion, such as pitting or crevice, very little or no such damage 
was observed in either Zr alloy. Only some localized dissolution was observed in the 
polarized specimens. A limited number of pits were observed in Zr-4 at 60°C in acidic
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environment may suggest a detrimental eSect of pH and temperature on pitting corrosion. 
No consistent repassivation behavior was observed in either of the tested alloy.
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CHAPTER 6
SUMMARY AND CONCLUSION 
Constant load (CL) and slow-strain-rate (SSR) testing techniques were used to 
evaluate the stress-corrosion-cracking (SCC) susceptibility of two Zirconium alloys (Zr-2 
and Z-4) in neutral and acidic aqueous environments at ambient and elevated 
tenqieratures. Both smooth and notched tensile specimens were used to evaluate the SCC 
behavior. A limited number of SCC tests were also performed at controlled cathodic 
potential (Econt) using both the CL and SSR techniques to study the eSect of hydrogen on 
the cracking tendency.
The susceptibility to localized corrosion of both the alloys was determined y using 
cyclic potentiodynamic polarization (CPP) testing technique. The morphology of the 
primary Gacture surface in the failed specimens was evaluated by scanning elecGon 
microscopy (SEM). The secondary cracking, if any, along the gage section of the tensile 
specimen was analyzed by optical microscopy. The signiGcant conclusions drawn Gom 
this invesGgaGon are summarized below.
# No failures were observed with smooth Zr-2 and Zr-4 specimens in the CL tests 
even at (q)plied stresses corresponding to 95% of these materials' yield sGength 
(YS) values. However, failures were observed at reduced applied loads in 
notched specimens showing threshold loads (1*) in the vicinity of 70 to 75% of
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the materials' yielding load values. The establishment of this L& range is based on 
the typical notch conGguration used in this study.
# Both the maximum stress (Om) and the failure stress were reduced with 
increase in temperature Gom ambient to 90°C in SSR tests, as anGcipated. 
However, the time-to-failure (TTF), percent elongaGon (%E1), and percent 
reducGon in area (%RA) were increased at the elevated test temperature, 
indicating enhanced ducGhty. A similar behavior was observed for notched tensile 
specimens.
# The magnitudes of the corrosion potenGal (Ecmr) and the criGcal pitting potential 
(Epit) for Zr-2 in the acidic (SAWM) environment were more acGve (negaGve), 
compared to those in the neutral soluGon at ambient temperature. However, no 
consistent pattern on the effect of temperature on these two criGcal potenGals was 
observed irrespecGve of the pH of the test soluGons.
# The results of SCC testing under Eccmt values indicate that the magnitude of 
cathodic potenGal did not inGuence the susceptibility of either alloy irrespecGve 
of the nature of loading applied. However an examinaGon of the gage secGon by 
surface analysis technique iqxm compleGon of the SCC testing revealed some 
forms of localized damage along the gage secGon at mulGple locaGons that may 
be a precursor to the development of delayed-hydride-cracking (DHC). These 
results might indirectly exhibit the detrimental eSect of hydrogen resulting Gom 
cathodic charging during SCC testing under Econt.
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# Except in a few specimens, neither classical pits nor crevices were observed m the 
polarized specimens under any environmental condiGons tested in this program. 
Only general dissoluGon of the specimen surkce was observed.
* The primary Gacture mode of all failed specimens was characterized by dimpled 
microstructures indicating ducGle failures. No secondary cracks were observed by 
opGcal microscopy.
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APPENDIX A
STRESS VS STRAIN PLOTS FOR SMOOTH SPECIMENS
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APPENDIX B
STRESS VS STRAIN PLOTS FOR NOTCHED SPECIMEN
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APPENDIX C
STRESS VS STRAIN PLOTS UNDER Ecom IN SAWM
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